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LATE-STAGE ENRICHMENT OF GE IN THE MAGMA OCEAN: 
EVIDENCE FROM LUNAR BASALTS; T. Dickinson, R.W. Bild (I),  G.J. Taylor and K. Keil, 
Department of Geology and Institute of Meteoritics, University of New Mexico, Albuquerque, 
New Mexico 87131. (1) Sandia National Laboratory, Albuquerque, New Mexico 87185. 

We have analyzed Ge and other elemental abundances in mare basalts to gain insight into 
the origin and early evolution of the moon and mare basalts. Our Ge  data are given in Table 1. 
Samples 12009,104, 12021,538 and 12022,251 were analyzed to compare our data with published 
data (1,2) (Table 2). In general, our data agree well with those of these investigators. Our Ge 
value for 12022 is higher than reported by others. Our sample also had higher Sc, suggesting 
that it had more pyroxene. The remaining 16 analyses in Table 1 are for previously unanalyzed 
mare basalts. These are preliminary data, and replicate analyses for all samples have not been 
completed. The INAA data, not reported here, and Ge data were obtained from the same 
aliquot, giving us a good understanding of sampling errors. We have calculated mean Ge  abun- 
dances in mare basalts based on our and literature data, excluding KREEPy samples, at each of 
the landing sites (Table 3). Based on the t-distribution for the difference between two means, 
there is a significant difference between the means for only the Apollo 15 and 17 sites. Mare 
basalt source regions appear to be fairly uniform with respect to Ge. The Apollo 15 source 
region may have been contaminated by a very small amount of a KREEP component, rather 
than representing an inherent inhomogeneity. 

Aluminous basalt 12038 has a Ge abundance indistinguishable from other basalts. 
Reported replicate analyses are 6.3 and 37 ppb for 12038 (2). Our value of 4.3 is in good 
agreement with the lower value, especially considering the coarse grained nature of this rock. 
Thus, we suspect contamination may be responsible for the anomalously high value. In contrast, 
aluminous basalts 14072 and 14053 are enriched in Ge. We attribute this not to their aluminous 
nature, but to their KREEPy affinities. There are five reported analyses of Ge in KREEPy 
samples, ranging from 47.1 ppb in 15382,15 (3) to 460 ppb in 15007,293 and ,304 (4). Sample 
14053 falls within the range for KREEPy samples. However, 14072 has the highest Ge abun- 
dance of any pristine sample analyzed to date. The Ge abundances in these two samples are the 
reverse of what would be expected based on the grouping of aluminous mare basalts by (5), as 
sample 14053 is more enriched in KREEP than 14072. A 14321-type basalt analyzed by (6) has 
a Ge value of 640 ppb. Based on REE data, this basalt is more enriched in KREEP than 14053. 
The Ge abundance is consistent with this. All of the Ge enrichment in 14072 may not be due 
to assimilation of KREEP. Sample 14072 has elevated Ir and Re contents as well (7), suggesting 
that it may be contaminated with meteoritic material. However, the Ni and Co contents of 
metallic-Fe are low in both samples (8). The replicate analysis of 14072 may clarify this. 

Ge does not fractionate greatly during small degrees of partial melting or near surface 
fractional crystallization. Because Ge is enriched in KREEPy samples, it must undergo signifi- 
cant fractionation under certain conditions. Two possible mechanisms for this enrichment are: 
(A)  complexing of Ge by a volatile phase such as F,  C1 or S, and (B) silicate liquid 
immiscibility. Ge and other volatile elements are enriched in surface correlated deposits and 
fine-grained fractions in green and orange glass (9). This may be due to Ge complexing with F, 
C1 or possibly S. Terrestrial hydrothermal systems indicate that Ge is enriched in F- and S- 
bearing hot springs. F data exist for some of the Apollo 11 basalts for which we have Ge data. 
However, Ge does not correlate with F in these samples, indicating that under conditions of 
mare basalt formation, Ge does not complex with F. However, it may still be possible for 
volatile transfer to concentrate Ge in the very late stages of fractional crystallization. 

(10) propose that granite and phosphate lithologies are the result of silicate liquid immi- 
scibility of a highly fractionated liquid and that KREEP derives its signature from mixtures of 
these lithologies. One might ask then, will Ge fractionate into the high-Si or high-Fe melt? 
There are no reported two liquid partition coefficients for Ge. Reported Ge abundance in lunar 
granite is 87 ppb (4) and there are no reported analyses of Ge in phosphates. Granite is depleted 
in Ge relative to KREEPy basalt 15386 and enriched relative to 15007. The data are inconclu- 
sive as to whether Ge fractionates into the high-Si or high-Fe melt. One might suspect that Ge 
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would go into the high-Si melt because of its close association with Si in silicate melts. 
However, experimental studies have found Ge to be highly siderophile in both the Fe-olivine 
and Fe-FeS system (11,12). Ge is enriched in Disko Island iron, suggesting a partitioning of Ge 
into metallic iron in the cooling of a basalt. Experimental investigations are needed to determine 
the behavior of Ge during silicate liquid immiscibility. 

(13) modeled the major and trace element variations seen in the Apollo 14 aluminous 
mare basalts by the combined effects of fractional crystallization and assimilation of KREEP. 
Using their model for the formation of 14072 and 14053, and an average Ge content of the 
Apollo 14 source region of 4.2 ppb (this is the average for Apollo 11, 12, 15, and 17 mare 
basalts), the predicted Ge content of 14072 is 24 ppb and that for 14053 is 36 ppb. These are 
significantly lower than our data. This may be due to: (A) The parental material in Apollo 14 
source region was enriched in Ge. However, the source region would have to contain 200 ppb 
Ge. (B) The assimilated KREEP had a Ge content greater than 15007. To produce the Ge 
content observed in 14053, would require a KREEP component with 3600 ppb Ge. This is an 
enrichment of a factor of 10 over that observed in the more Ge rich KREEP samples. (C) Our 
data for 14072 and 14053 are erroneous. As stated above, perhaps 14072 contains meteoritic 
material. However, the data for 14053 seem reasonable, especially if one also considers the data 
of (6) for a 14321-type basalt. If the model of (13) is applied to this sample, a KREEP 
component which contains 3500 ppb Ge would have to be assimilated. 

(14) modeled the formation of Apollo 14 VHK basalts by combined fractional crystal- 
lization and assimilation of granite. To produce the observed Ge content in 14181,6 of 175 ppb 
(2).would require the assimilated granite contain significantly more than 87 ppb Ge. In fact i t  
would have to contain about 920 ppb Ge. Considering our limited Ge data for granites, there 
may be some with greater Ge contents. 

(13,14) have shown the REE and trace element abundances in aluminous basalts can be 
produced by assimilation of KREEP component similar to 15386 and those in VHK basalts by 
assimilation of an average granite. However, based on the available Ge data, the assimilated 
components in both cases must be enriched in Ge by an order of magnitude over that observed 
in KREEP or granite. This would suggest that there is a decoupling of Ge from the REE late 
in the evolution of the moon. The assimilated granite contains significantly less Ge than 
KREEP, suggesting that if granite formed by silicate liquid immiscibility, Ge must partition 
into the high-Fe melt. Assimilation of a small amount of this component could change the Ge 
abundance greatly without effecting the REE abundance. 

Sample 
10017,337 
10020,217 
10057,258 
10058,181 
10072,159 
12002,431 
12009,104 
12021,538 
12022.25 1 
12051,211 
12064,124 
14053,189 
14072,50 
7001 7,474 
70135,74 
70215,258 
71055,171 
74275,200 

Table 1 
Rock Type Ge (ppb) 
High-K, A 5.5, 5.6 
Lou-K, B3 3.1 
High-K, A 6.5, 3.5 
Lou-K, B1 2.7 
High-K, A 4.9 
O l i v i ne  3.6 
O l i v i ne  3.6 
Pigeonite 1.2 
Pigeonite 3.6 
l lmeni te  1.1 
I lmeni te  3.0 
Aluninous 242.3 
Aluninous 1238.6 
High-Ti, U 1.7 
High-Ti, U 1.8 
High-Ti, B 2.2 
High-Ti, B 2.7 
High-Ti, C 6,5 

Table 2 Table 3 
Sample Ge (ppb) Ref S i t e  Ave SD N 

12009,94 3.3 (1) Apol lo 11 4.6 1.5 7 
12009,93 3.8, 4.1 (2) ApolLo 12 3.2 1.7 25 
12009,104 3.6 ApolLo15 5.6 2.1 12 
12021,507 2.0 (1) Apol lo 17 3.4 2.1 7 
12021,506 0.62, 0.73 (2) 
12021,538 1.2 
12022,233 2.3 (1) 
12022,232 2.2, 2.7 (2) 
12022,251 3.6 
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